Aqueous two phase systems (ATPSs) containing high molecular weight polyethylene glycol, PEG (10000), and completely biodegradable citrate salts (sodium citrate, potassium citrate, and ammonium citrate) with water were developed to recover the waste water proteins from a model tannery waste water system. The variations in the phase diagram were explained on the basis of ionic radius of cations, Gibbs free energy of hydration (ΔG hydation ) of cations, and effective excluded volume (EEV) of salts. The salting-out capability of the cations followed the sequence: Sodium citrate > Potassium citrate > Ammonium citrate. Setschenow-type equations were used to correlate tie-line compositions. During partitioning studies, recovery of tannery waste water proteins in PEG 10000 + Sodium citrate ATPS was found superior to other systems. It was possible to recover 95.86% of proteins from tannery waste water in the bottom phase with PEG 10000 30% (w/w) + Sodium citrate 13% (w/w) at 30 • C. The partition coefficients were correlated with the salt compositions by a quadratic equation and the coefficients were calculated.
Introduction
Leather industry is one of the prominent industries in Indian economy which potentially provides employment, growth, and export. Up to date, approximately 2000 tanneries are present in India [1] and the waste water generated from them is enormous. During leather processing the skin and hides have to undergo series of processes such as soaking, liming, dehairing, bating, and degreasing. When the skin is subjected to liming process, the collagen structure will be swollen and the fiber bundles are opened up. This step enables the removal of interfibrillary soluble proteins and other biomolecules [2] . The presence of these proteins in the tannery waste water (TWW) effluents increases the biological oxygen demand and chemical oxygen demand and leads to pollution. Currently research is focused on the recovery of valuables from waste effluent generated by the industries. Instead of merely letting off these effluents, the biomolecules present in them can be recovered, since these biomolecules find applications in food and pharmaceutical industries [3] .
Thus in this context, a separation method, aqueous two phase system (ATPS) is employed to recover the soluble proteins present in the TWW. ATPS is based on liquid-liquid extraction principle and can be formulated by mixing two chemically differing hydrophilic polymers or one hydrophilic polymer and one salt with water above certain concentrations [4] .
It has been proved that a salt-based ATPS is an efficient and economic method for the separation and purification of various biomolecules because of its versatile features like low cost, low interfacial tension, biocompatibility, and ease of scale-up [4, 5] .
The properties of ATPS mainly depend on the phase components used for a particular system. More often polyethylene-glycol (PEG) is chosen as one of the phase forming components because of its availability at low cost and ease of phase separation with salts. The molecular 2 ISRN Chemical Engineering weight (MW) of PEG affects the partition behavior of the biomolecules. It is the available free volume in the phases which determines the partition behavior of the biomolecules [6] .
Literature [3] suggests that high MW PEG (>6000 g/ gmol) with higher tie-line length (TLL > 30% w/w) would be suitable to recover low molecular weight biomolecules from the fermentation broth. Therefore in the present study, a high MW PEG (10000) was taken and partitioning trends were analysed with higher TLL.
Conventionally inorganic salts like phosphates, sulfates are used with PEG to form ATPS. But these salts impose a threat to the environment by means of water pollution [7] . As a result, biodegradable, nontoxic citrate salts have gained attention to replace the inorganic salts in ATPS. As both PEG and the citrate salts are biodegradable and nontoxic in nature, the ATPSs formed by them are environmentally benign and ecofriendly.
The increase in ATPS consists of PEG/citrate salt articles in the recent years for the separation and purification of biomolecules like penicillin acylase [8, 9] , hexokinase [10] , α amylase [11, 12] , bovine trypsin [13] , proteases [14, 15] , human antibodies [16] , glycomacropeptide [17] , plasmid DNA [18] , lactate dehydrogenase [19] , lectins [20] , and extractive bioconversion of xylan [21] clearly implies that there is a strive towards environmentally benign ATPS. Very recently a PEG/citrate system was successfully used for textile dye removal [22] .
Recovery of valuable biomolecules from waste effluents by using ATPS came into attention only in 2006 by the research group Saravanan et al. [23] . Now considerable interest is growing in recovering biomolecules from various industrial effluents like fish [24] , dairy [25] , and prawn [26] using the PEG/citrate systems. Remarkably, all these researchers have employed PEG/citrate salt system for the recovery.
Even though, Saravanan et al. [23] have recovered the soluble proteins from TWW, the main disadvantage in their ATPS was the use of sulfate salts which pose an environmental concern. Thence, in our lab, we have chosen environmentally benign citrate salts, namely, sodium citrate (SC), potassium citrate (KC), and ammonium citrate (AC) with PEG 10000 to form ATPSs to recover the soluble proteins from the TWW.
In order to understand the partitioning behavior and obtain best operating conditions, the liquid-liquid equilibrium (LLE) data is essential for any ATPS. It is noteworthy here to mention that there are no reports available on LLE for PEG 10000 + Citrate salts in literature. Hence our primary goal is to develop the LLE at 30 • C for the ATPS and then study the partitioning behavior of the TWW soluble proteins in the developed systems.
Materials and Methods
2.1. Materials. PEG 10000, citric acid, trisodium citrate, tripotassium citrate monohydrate were purchased from Merck and triammonium citrate was purchase from Loba chemicals, India. All the components were used without further purification and Millipore-Milli-Q water was used in all the experiments.
Construction of Binodal
Curve. Titration method [4] was used to obtain binodal curves. A known amount of PEG stock solution was titrated with the salt solution till the first sign of turbidity which indicated the formation of two phases. To this, water was added to clear the turbidity (single phase) and the procedure was repeated to get more binodal points. During this procedure, the weight of PEG initially taken, the salt added to form turbidity and water added were carefully weighed with an analytical balance with a precision of ±0.1 mg. All the experiments were done in duplicates and average values were reported.
Determination of Tie-Line Length.
During partitioning studies, it is convenient to express the different thermodynamic properties of the coexisting phases using TLL which is defined as the difference in concentration of phase forming components of ATPS. It can be determined by the following equation and is expressed in weight percentage (% w/w):
where W s and W PEG are the concentrations of salt and PEG, respectively, and superscripts T and B represent top and bottom phases, respectively. In order to determine TLL, a series of ATPSs were prepared by mixing appropriate amounts of PEG 10000 and sodium citrate, potassium citrate, or ammonium citrate solution in 15 mL graduated tubes. The total weight of the system was maintained at 10 g by the addition of Millipore-Milli-Q water. The solutions were mixed by rigorous vortexing and were centrifuged at 2000 rpm for 10 min to speed up the separation process. The tubes were placed in a thermostatic water bath at 30 • C for overnight to attain phase equilibrium and then the samples were withdrawn from the phases without disturbing the interface.
The equilibrium concentration of PEG in both phases was determined by refractive index measurements performed using an Abbe-type refractometer (Advance Research Instruments Co., New Delhi, Model R-4). The concentrations of sodium and potassium ions in the top and bottom phases were determined by flame photometry. The concentration of ammonium citrate was determined by conductivity measurements. All the samples were properly diluted so that the concentration would fall within the range calibrated.
Preparation of Tannery Waste Water Sample.
The tannery waste water feed stock was prepared according to the method given by Saravanan et al. [23] . According to this method, a known weight of green raw skin/hides was taken for alkali operation. In this stage most of the nonfibrous proteins were removed as a waste. This sectional stream wastewater was used as a protein source in partition experiments to recover the soluble proteins.
Partitioning Experiments.
Partitioning experiments were done with same feed compositions of PEG and different salts to investigate the influence of them. Stock solutions of salts and PEG required at the various TLL were prepared by mixing appropriate amounts of them along with tannery waste water sample as described in the previous section.
2.6. Protein Concentration Determination. The protein concentration in the individual phases was determined by the method of Bradford method [27] . For the determination of protein concentration, samples withdrawn from each phase were diluted with a known amount of distilled water, and its absorbance was measured using Shimadzu spectrophotometer at 595 nm. In order to make a necessary correction to avoid the interference of PEG and citrate, an identical solution of the corresponding phase without sample was used as a blank.
Partitioning Parameters.
In ATPS, the important parameters which characterize the partitioning behavior of biomolecules are partition coefficient K p , phase ratio, and yield (%).
The partition coefficient is defined as
The yield (%) of the crude proteins in the bottom phase Y p,B is calculated by using the following formula:
where V top and V bottom are the volumes of top and bottom phases, respectively, and this ratio is known as phase ratio.
Results and Discussions
3.1. Binodal Curve. The binodal curve is a boundary line which separates the single phase area and the two-phase area. Any composition above this curve forms two-phase systems. The binodal curves for PEG 10000 + SC, PEG 10000 + KC, and PEG 10000 + AC systems at 30 • C were developed and shown in Figure 1 . Several correlations are available in the literature to correlate the binodal data [28] [29] [30] [31] . We have used a thirdorder polynomial (4) to describe binodal data for these systems. The fitted coefficients are shown in Table 1 . The high regression coefficient (R 2 ) value and lesser absolute average relative deviation (AARD) values suggest that the experimental data are well fitted with the correlations
The type of the salt and polymer used for the ATPS determines the shape and position of the binodal curve. From Figure 1 it is evident that the two-phase region changes as the salt type changes. In the present system the predominant effect to promote the formation of ATPS is the "salting-out effect." This salting-out effect behavior can be explained by size of the cation, the Gibbs free energy of hydration (ΔG hydation ) of the cations, and effective excluded volume effect (EEV). Ionic radius is the distance between the nucleus of an ion and the point up to which the nucleus has influence on its electron cloud. Since all the three salts analysed have a common anion (citrate) and different cations (Na + , K + and NH 4 + ), the salting out ability can be compared with respect to the ionic radius of the individual cations. The ionic radius of the cations Na + , K + , and NH 4 + inÅ are 0.102, 0.138 [32], and 0.143 [33], respectively. It has been observed that the ionic radius is inversely proportional to the salting-out capacity in this case. And so, the increase in the cation size decreases the two-phase area and the cationic order for the formation of ATPS is Na + > K + > NH 4 + . The salting-out ability of the salts follows the familiar Hofmeister series [34] and can be directly interrelated to the Gibbs free energies of hydration (ΔG hydation ) of the cations. It has been proved by researchers [35, 36] that when the salts have the same anion, then, the cation which has a more negative ΔG hydation will be superior at salting-out PEG. By referring the ΔG hydation of cations from the literature [37, 38] a lesser amount of salt SC (Na + : -375 kJ/mol) is required to salt out PEG as compared to potassium citrate (K + : -304 kJ/mol) or ammonium citrate (NH 4 + : -285 kJ/mol). The same behavior was observed in the present system and similar trend was shown in Figure 1 . Consequently, the salting-out effect based on the ΔG hydation can be summarized Effective excluded volume characterizes the acceptableness of a particular salt by the hydrophilic polymer, PEG with water as a solvent to form an ATPS. It has been cited in the literature that increase in EEV value, increases the salting-out ability of a salt [39] . Hence, herein we made an attempt to explain the binodal behavior with respect to EEV. It was first presented by Guan et al. [40] for aqueous polymer-polymer system which was based on statistical geometry. Similar type of equation was used for the present system ln EEV
where EEV is the effective excluded volume, M PEG and M S are the molecular weight of PEG and the salt, respectively.
The EEV values were calculated by regression analysis of the model equation (5) and given in Table 2 .
In the investigated systems it has been observed from Table 2 that ATPS which contained PEG + Sodium citrate has the maximum value of EEV and thus has the highest saltingout ability. Therefore, the salting-out ability is in the order of SC > KC > AC. The same behavior is manifested in the phase diagram ( Figure 1 ) by a position shift of the binodal curve towards the leftward thereby decreases the single-phase area. As a result, relatively a lesser concentration of sodium citrate is needed to form a two-phase system as compared to other salts. Recently, comparable results were obtained by Wang et al. [39] and concluded that the EEV of Sodium sulfate > Ammonium sulfate and Potassium citrate > Ammonium citrate.
In order to validate the EEV values of the present investigations, they were compared with data given by Duraiayya et al. [41] . From the LLE data of PEG 4000 + citrate salts at 30 • C, the EEV values were calculated and listed in Table 2 . The results showed the same trend of SC > KC > AC. The high values of EEV in our system may be due to the high MW PEG (10000) used, since increase in MW of the polymer often increases the EEV [24] .
Tie-Line Compositions and Correlations.
The equilibrium phase compositions of the two phases were related by TLL. A series of TLL in the two-phase region of the binodal curve were investigated and given in Table 3 . Identical feed compositions were used for all three types of salts and the individual phases were analyzed as described earlier.
All the experiments were performed in triplicates and the uncertainty of the concentration of phase components and partition coefficients were within ±2 and ±1%, respectively. It is apparent from Table 3 that the increase in TLL decreases the concentration of PEG in the bottom phase and increases the salt concentration and vice versa. This is because of the increase in hydrophobicity of the phases as the TLL increases.
In general, for organic solvent systems the tie-lines are parallel but a significant deviation occurs for ATPS. As shown in Figures 2, 3, and 4 , the tie-lines are not essentially parallel for all the systems studied.
The tie-line data were correlated with Setschenow-type equations [42] in order to examine the reliability of the phase compositions. This Setschenow-type concept is also based on salting-out ability of salts
where K PEG and K s are the parameter relating the activity coefficient of PEG to its concentration and the salting-out coefficient, respectively. "m" represents molality and the superscripts T and B represent top phase and bottom phase, respectively. The parameters of the above equations were calculated based on the tie-line data and shown in Table 4 and Figure 5 . It has been observed that the K s value was smallest for the ammonium citrate salt and it was in the order SC > KC > AC which is in concordance with the salting-out ability of the cations and also with EEV values as described earlier.
Partitioning Studies.
The partition coefficients were calculated by (2) and it was witnessed that irrespective of the salt system, the partition coefficient, K p values were lesser than 1 which confirms that the tannery waste water proteins preferentially partition towards the bottom phase. This is the common behavior of ATPS which contain citrate salts [43] . The citrate salts are more hydrophilic in nature than the PEG phase and attract soluble proteins present in the tannery waste water. Since most of the protein is transferred to the salt rich bottom phase, the PEG rich top phase can be recycled.
Effect of TLL on
Partitioning. In order to analyze the effect of TLL on each system, the same feed compositions were used for all the systems. It was observed that an increase in TLL caused an increase in protein transfer to the bottom phase (Table 3 ). In consequence, the partition coefficient decreased with increase in TLL as observed by many researchers [24, 44] . This effect can be due to volume exclusion effect because of the reduced space in the top phase which pushes the most of the proteins to the bottom phase [45] . 
3.5.
Effect of Salt Nature. The type and concentration of salt play a significant role on the partitioning. This is because of the nonuniform distribution of the salt ions between the phases and the different electric potential [46] . As observed in Table 3 , there is a pertinent effect of the type of salt on partition coefficient. The protein yield was calculated for each experiment using (3) and best conditions for the maximum yield was found at 30% (w/w) PEG 10000, 13% (w/w) SC with 95.86% yield. For all the systems investigated, the K p was in the order: SC > KC > AC. This trend should be undoubtedly because of the highest salting-out power of sodium citrate salt (as discussed earlier). Similarly, owing to the lesser salting-out capacity of the KC and AC, it is possible for these ATPSs to accommodate more protein in the bottom phase (decrease in K). Moreover these results reveal that there is a substantial interaction between the cations and PEG molecules and the interactions are highest for Na + . This is in agreement with the reported literature [47] . Furthermore, the variations in K p can be described by the variation in hydrophobicity of the phases. A double layer of ionic groups is formed between the charged groups of the proteins and the anions and cations present in the salt molecule. Because of the hydration effect, the protein molecules will be dehydrated and the hydrophobic zones are exposed as the concentration of salt is increased [48] . In general, the solubility of protein molecules in salt ions is related with respect to their position in Hofmeister series [34] . The effectiveness of this series for anions is citrate 3 According to this series, the ions present in the left of the series decrease the protein solubility (high salting-out ability) by promoting hydrophobic interactions and thence relatively a more amount of protein moves towards the top phase (K increases). Consequently the partition coefficient varies in the order Na + > K + > NH 4 + . as the system investigated presently has the common anion citrate and different cations. Therefore the Hofmeister series influences the partitioning of proteins in the present system. Figure 6 : Correlation for tannery waste water protein partition coefficient according to (7) in PEG/Citrate salt system at 30 • C.
system for the partitioning of urokinase enzyme and deduced the following equation:
where ΔW s is the difference in salt concentrations between top and bottom phases and A, B, and C are the regression coefficients. Blázquez et al. [51] used a simple linear correlation ln K p = AΔW s to correlate α-amylase partitioning in PEG + MgSO 4 system. Similar relationship was fitted for partitioning of caseinomacropeptide [52] . We have used the model proposed by Ziqiang et al. [50] to correlate the K p and the quadratic equation (7) was fitted to the data and shown in Figure 6 .
It can be noticed that the increase in ΔW s value for all types of salts decreases the K p value. Moreover, the different coefficient values ( Table 5 ) for each of the salt suggest the presence of salt-protein interactions. The high values of R 2 and low values of AARD imply that model is adequate for the data.
Conclusions
Environmentally benign ATPSs consisted of PEG 10000 + Sodium citrate + water, PEG 10000 + Potassium citrate + water, and PEG 10000 + Ammonium citrate + water were taken for the study. The binodal curves and tie-line compositions were obtained and analysed. The effect of citrate salt on the position of binodal curve was described in terms of Table 5 : Regression coefficients according to (7) in PEG/citrate salt system at 30 • C. ionic radius, Gibbs free energy of hydration (ΔG hydation ) of cations, and effective excluded volume (EEV). In all the cases the salting-out strength of the cations behaved in the order: Na + > K + > NH 4 + which conforms to Hofmeister series. The tie-line compositions were satisfactorily correlated with Setschenow-type equation. The partitioning of tannery waste water proteins was carried out with these compositions. It was found out that protein prefers to move to the bottom phase in all the systems and recycling of PEG was possible. An optimum yield of 95.86% in the bottom phase of ATPS with composition 30% (w/w) PEG 10000 and 13% (w/w) Sodium citrate at 30 • C was obtained. Correlations for the partition coefficient were developed and verified. This study demonstrates the possibility of using environmentally benign PEG-citrate salt-water ATPS for the recovery of proteins from tannery waste water.
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